In an effort to determine whether arterial conductance vessels dilate in response to increased blood flow stimuli, brachial artery area (cm 2 ) and diameter (cm) were derived by simultaneous measurement of forearm blood flow (ml/min-100 ml) and brachial artery blood flow velocity (cm/sec) following the release of arterial occlusion. Measurements were made at rest and at the time of maximal flow after the release of graded periods of forearm arterial occlusion (20 seconds to 10 minutes). These studies showed a graded large vessel dilation following occlusions of up to 1 minute (baseline diameter, 0.33±0.01; after 1 minute occlusion, 0.45±0.02 cm; /?<0.05) after which time diameter plateaued (after 10 minutes of occlusion, 0.48±0.02 cm). In addition, the time course of diameter and flow changes after 3 minutes of arterial occlusion were examined. Flow was maximal at 5 seconds but diameter was maximal at 15-30 seconds after release. Furthermore, the half time for the return of diameter to baseline was longer than that for blood flow. We also measured the diameter after forearm heating (42° C) and noted a substantial increase in diameter (before heating, 0.32±0.01; after heating, 0.39±0.02 cm;  p<0.05) . Finally, we applied pressure to the venous side of arteriovenous fistulae in five hemodialysis patients. This maneuver was associated with large reductions in forearm blood flow (baseline flow, 63.3±10.6; venous compression flow, 36.0±4.4 ml/minl00 ml;/?<0.05) and a decrease in brachial artery size (baseline diameter, 0.63±0.07; venous compression diameter, 0.58±0.06 cm; p<0.05). We conclude that 1) the human brachial artery size changes in response to changes in blood flow, and 2) the maximal dilation occurs after maximal flow is noted. Although alternate explanations are possible for each of our observations, our results are most consistent with a flow-mediated, localized vasodilating process. (Circulation Research 1989;64:32-42)
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In an effort to determine whether arterial conductance vessels dilate in response to increased blood flow stimuli, brachial artery area (cm 2 ) and diameter (cm) were derived by simultaneous measurement of forearm blood flow (ml/min-100 ml) and brachial artery blood flow velocity (cm/sec) following the release of arterial occlusion. Measurements were made at rest and at the time of maximal flow after the release of graded periods of forearm arterial occlusion (20 seconds to 10 minutes). These studies showed a graded large vessel dilation following occlusions of up to 1 minute (baseline diameter, 0.33±0.01; after 1 minute occlusion, 0.45±0.02 cm; /?<0.05) after which time diameter plateaued (after 10 minutes of occlusion, 0.48±0.02 cm). In addition, the time course of diameter and flow changes after 3 minutes of arterial occlusion were examined. Flow was maximal at 5 seconds but diameter was maximal at 15-30 seconds after release. Furthermore, the half time for the return of diameter to baseline was longer than that for blood flow. We also measured the diameter after forearm heating (42° C) and noted a substantial increase in diameter (before heating, 0.32±0.01; after heating, 0.39±0.02 cm; p<0.05). Finally, we applied pressure to the venous side of arteriovenous fistulae in five hemodialysis patients. This maneuver was associated with large reductions in forearm blood T he ability of large blood vessels to alter their tone in response to acute alterations in blood flow has recently been documented in dog coronary 1 -2 and dog femoral arteries. 3 -5 This process has been termed reactive dilation, 1 and it has been suggested that the process is truly localized to the large vessel and may require endothelial integrity. 5 A relation between increased blood flow and large vessel dilation in human subjects has not been previously described.
Recently, we have developed a noninvasive technique that allows us to calculate brachial artery diameter at frequent intervals (10-15 seconds) from simultaneously measured forearm blood flow (straingauge plethysmography) and brachial artery blood velocity (a transcutaneous Doppler probe). With this technique, we make use of the equation, vessel area=flow (ml/min)-^ velocity (cm/min). In this paper, we hypothesized that acute alterations in forearm blood flow would be associated with directionally similar changes in brachial artery size. Our results would suggest that the process of reactive dilation does indeed exist in human subjects.
Subjects and Methods

Design
After signing an informed consent, 11 young healthy subjects (mean age of 23 years) had simultaneous measurements of forearm blood flow and brachial artery blood velocity in order to calculate brachial artery diameter. The study was divided into five major parts: Part A (n=8) consisted of measurement of blood flow and blood velocity and calculation of brachial artery diameter at the time of the maximal flow response following release of 1, 3, and 10 minutes of arterial occlusion. Based on prior literature, we felt these periods of arterial occlusion would lead to graded, easily separable increments in flow 6 -7 and would thus allow us to examine the effect of blood flow on large vessel diameter. Based on the results of this section, the diameter response to smaller graded stimuli was also measured (Part B; n=6). The periods of ischemia were 20, 40, and 60 seconds. Four of the original subjects and two new subjects constituted this study group. The diameter response to another blood flow stimulus, forearm heating, was evaluated in the third section of this paper (Part C; n=5). In Part D, the relative time courses of flow and diameter changes following the release of 3 minutes of arterial occlusion were compared (n=5). Finally, the effects of flow reduction on brachial artery size were examined by applying digital pressure to the venous outflow of arteriovenous fistulae in five hemodialysis patients (Part E; mean age, 59 years; range, 42-70 years).
Before performing forearm blood flow measurements, forearm volumes were determined by a water displacement technique. The subjects were then placed recumbent. In the dialysis patients, the forearm volume was assumed to be 1,000 ml. Forearm volume was estimated and not measured in these subjects because they had either just finished (one subject) or were about to undergo dialysis (four subjects), and we were concerned about the potential for infection associated with placing the forearm in the nonsterile water used in our water displacement tank. In Parts A-D, studies were performed on the subject's left forearm. In Part E, the studies were performed on the forearm with the arteriovenous fistula. The measurement of resting forearm blood flow (FBF) and the flow responses to forearm occlusion were measured with a single strand mercuryin-silastic strain-gauge plethysmograph 8 and the venous occlusion technique. 9 With this method, flows are expressed as a percentage change in forearm volume per minute (ml/min-100 ml). After the gauges were externally calibrated, they were placed 10 cm below the antecubital fossa at a tension of 10 g, and the forearm was elevated 10 cm above the heart. All measurements were performed with a venous occlusion pressure of 50 mm Hg. 10 Before blood flow measurements, the hand circulation was occluded for at least 1 minute by inflating the wrist cuff to 240 mm Hg." In the dialysis subjects, manual compression of the wrist arteries was used because of the proximity of the fistulae to the wrist.
Brachial Artery Blood Flow Velocity and Calculation of Brachial Artery Area and Diameter
After the placement of the strain gauges and cuffs, a 5 mHz continuous wave Doppler probe was manually positioned over the brachial artery in the antecubital fossa at an angle of 45° with the skin. 12 When the largest signal was obtained, the probe was clamped into place. The Doppler signal (and plethysmographic tracing) obtained was recorded and displayed on an Electronics for Medicine Echo 4 recorder (PPG, Hershey, Pennsylvania). Velocity curves were selected at or immediately before the venous occlusions that generated the respective blood flow tracings. The area of each velocity curve obtained was planimetered in triplicate. Three such beats for each measurement were averaged to yield the velocity measurements recorded. The mean area was divided by the area of the internal calibration (20 cm/sec) of the Doppler. The calculation of brachial artery diameter was obtained from the following equation: A=(Q-Vol/V-60), where A is area (cm 2 ), Q is plethysmographic flow (ml/min-100 ml), Vol is forearm volume (number of 100 ml units), and V is velocity (cm/sec). From vessel area, diameter was calculated as follows: D=2 • V(A/TT).
After measuring the forearm flow and brachial artery velocity at rest, forearm ischemia was produced by inflating the upper arm blood pressure cuff to 240 mm Hg for 1 minute. This 1-minute period of ischemia was performed since it has previously been shown that the first in a series of reactive hyperemic blood flow measurements is artifactually lower than the ensuing ones. 10 This data was not used in our calculations of blood vessel size.
The flow responses to the various stimuli were then measured (venous occlusions) at 5, 15, and 30 seconds after the release of arterial occlusion (reactive hyperemic blood flow response; ml/min-100 ml). In Parts A and B the diameter measurements reported are those obtained at the time of peak flow. Between ischemic stimuli the subjects were given a rest period (with arm and wrist cuffs deflated) equal to the length of the prior period of arterial occlusion. In Part D, the blood flow, brachial artery velocity, and brachial artery diameter were measured at 5 seconds, 15 seconds, and then every 15 seconds for Vh minutes. In Part C the flow and velocity responses to forearm heating were investigated in an effort to evaluate the role of a separate flow stimulus on conduit vessel size. In these studies, the forearm was heated to 42° C for 20 minutes. Forearm temperature was measured by placing a thermistor (Yellow Springs Instrument Co, Yellow Springs, Ohio) on the midforearm. Heat was provided by encompassing each subject's forearm with a heating pad placed below the Doppler probe. After the forearm was warmed, the pad was removed, and forearm blood flow (three to four measurements) and blood flow velocities were measured within 2 minutes of heat removal; over this period of time, skin temperature did not drop. In the dialysis subjects, the effects of digital compression were examined to determine if a nonmetabolic stimulus to decrease blood flow would affect brachial artery diameter. After measuring resting flow and velocities, we manually compressed one of the large clearly visible veins draining the fistula for approximately 60 seconds. The first flow was obtained 10-20 seconds after the onset of digital compression. Upon release of venous compression, forearm flow and velocity were again measured. The resting and postrelease values were the average of four to five measurements. The venous compression measurements presented were taken at the time of the minimum blood flow.
Validity and Reproducibility
To examine the potential error of measurement in our diameter calculations, we measured in a blinded fashion the angle of blood flow, the planimetered velocity, and the forearm volume for three separate sets of data on five separate occasions. Using standard techniques and the formula that relates flow forearm volume and velocity, we propagated the potential error of our calculations, and the standard deviation of this error is expressed as a percentage of the mean.
With our technique, we assumed that the majority of the measured strain-gauge flow to the forearm was traveling through the brachial artery. This assumption was based on the clinical observation that acute brachial artery occlusions often lead to an inability of the collaterals to maintain even resting levels of forearm flow. To determine the role of collaterals, we measured forearm blood flow in five subjects before and after digital compression of the brachial artery during resting conditions and after 1 minute of forearm circulatory arrest produced by cuff occlusion. We reasoned that after digital compression resting mean blood flow would be substantially below noncompression resting values. Moreover, we postulated that the postocclusion forearm flows with digital compression would represent even a smaller percentage of the noncompression flow values.
In our studies we assumed that forearm ischemia and heating would not in themselves affect forearm volume. An underestimation of forearm volume after the release of arterial occlusion and/or after forearm heating would serve to underestimate the diameter responses to these stimuli. Therefore, in four subjects we performed 10-minute arterial occlusions, and after release, measured the peak percent increase in forearm volume with a strain-gauge plethysmograph.
Two separate sets of studies were performed to investigate our method of measuring blood flow velocity. Validation of our method of measuring brachial artery forward flow velocity was performed in four subjects; that is, the diameters calculated with forward blood velocity were compared with diameters measured with bidirectional blood velocity. In a separate group of individuals, we performed an in vivo calibration of our continuous wave Doppler device. In these nine subjects, we compared our continuous wave Doppler velocities with a velocity derived by dividing the simultaneous sonographic diameter by strain-gauge blood flow multiplied by the forearm volume (100 ml units). These measurements were performed before and after the forearm was heated with the wrist occluded. Sonographic diameter determinations were made with an XL3 (Interspec, Conshohocken, Pennsylvania). These studies also provided an independent method of measuring the brachial artery diameter response to forearm heating (see below).
To confirm that our technique was giving a valid representation of brachial artery diameter, 22 subjects had brachial artery diameter measured by our method, and on a separate occasion, the brachial artery diameters were measured by direct sonographic visualization. The sonographic examination was performed with an Ultra Mark 8 (Advanced Technology Laboratories, Bothell, Washington). These comparative studies were performed in a random sequence, and the investigators gathering each set of diameter measurements were unaware of the results obtained during the other part of the analysis. For these sonographic studies, blood flow to the hand was not occluded. Reproducibility studies of our technique were performed by repeating brachial artery diameter measurements 30 days after the initial study. The reproducibility studies were done for resting diameter (n=6) and to measure the diameter response after 1 and 3 minutes (n=4) of arterial occlusion.
Statistical Analysis
Forearm blood flow, brachial artery flow velocity, brachial artery area, and diameter were compared in Parts A, B, and E with an analysis of variance (ANOVA) for repeated observations within an individual. When a significant F value was found, comparison between mean values were made with a modified t test. The value of t was corrected for the number of comparisons by the Bonferroni method. In the studies with and without forearm heating, comparisons were made with a paired / test. The return of flow and diameter toward baseline (Part D) were analyzed with a semi-log plot. The curves generated were analyzed for linearity (linear regression and analysis), and then the half-time for decay in seconds was calculated.
Validity studies for velocity and diameter determinations were analyzed with a linear regression analysis; reproducibility was analyzed by comparing the percent variation from the mean for the two observations. Ap<0.05 was considered significant; all values are expressed as mean±SEM.
Results
Part A Table 1 shows the flow, velocity, and diameter data in response to 1, 3, and 10 minutes of arterial occlusion. Forearm flow rose from baseline in response to each progressively larger ischemic load. The flow difference between 3 and 10 minutes of occlusion was not significant although the difference between 1 and 3 minutes (and 1 and 10 minutes) of occlusion was statistically different. The velocity response was similar in nature to the Forearm volume, 1,261 ±45; n=8forall observations; Blood flow, forearm blood flow, ml/min • 100 ml; Velocity, brachial artery blood flow velocity, cm/sec; Area, brachial artery area, cm 2 ; Diameter, brachial artery diameter, cm; 1,3, 10 minutes, respective response following release of arterial occlusion.
•Statistically different from baseline for all values in column. tStatistically different from values at 1 minute.
flow response with a statistical difference noted between 1 and 3 minutes (and 1 and 10) and no difference noted between 3 and 10 minutes. Diameter calculations showed a dramatic rise between baseline and 1 minute of occlusion; the increase represented 37%. However, an almost maximal dilation was noted at 1 minute. There was less than a 7% further rise in diameter between the response to 1 and 10 minute periods of occlusion despite the fact that blood flow had more than doubled ( Figure  1 ). To examine whether this dilatory response was an all or none phenomenon after a threshold flow had occurred, we conducted Part B of this study. Table 2 shows the flow, velocity, and diameter response to the smaller graded ischemic stimuli, that is, 20, 40, and 60 seconds in a group of six subjects. Relatively linear increases in flow and velocity were noted. In addition, the diameter also increased relatively linearly, suggesting that the increase in diameter noted was responding in a graded fashion ( Figure 2 ). When four subjects who were studied in both Part A and Part B had their blood flow responses to 1 minute of arterial occlusion compared, there was no difference (Part A, 18.5±3.4; Part B, 23.8±3.4; ml/min-100 ml; NS).
Part B
Part C
To determine whether the diameter would respond in a similar fashion to a different flow stimulus, the diameter response to forearm heating was measured in Part C. As suspected, the heating protocol used led to a large increase in both forearm blood flow (before forearm heating, 3.4±0.7; after forearm heating, 9.2±1.0 ml/min-100 ml; p<0.05) and blood flow velocity (before forearm heating, 8.3± 1.3; after forearm heating, 16.0±2.4cm/sec;p<0.05). These results led to a 22% increase in brachial artery diameter (before forearm heating, 0.32±0.01; after forearm heating, 0.39±0.02 cm; p<0.05) and a 50% increase in area (before forearm heating, 0.0804±0.0063; after forearm heating, 0.1206±0.0115 cm 2 ; /?<0.05). These results are shown in Figure 3 . When the effects of forearm heating on brachial artery diameter were examined with an independent technique, sonography, in a separate group of nine individuals a similar increase in brachial artery diameter was noted (before forearm heating, 0.40±0.03; after forearm heating, 0.45±0.02 cm; p<0.05).
Part D
Following 3 minutes of arterial occlusion, peak flow was noted at 5 seconds (baseline blood flow, 3.2±0.6; 5 seconds following release of arterial occlusion, 31.1 ±3.2 ml/min-100 ml). The decrease in flow was described by a first order rate constant of -0.047/sec (half-time for flow reduction of 14.8 seconds).
Brachial artery diameter did not reach a peak value until 15 seconds after occlusion, although the value at 5 seconds represented 80% of the peak rise in diameter (baseline diameter, 0.29±0.02; 5 seconds after release of arterial occlusion, 0.44±0.02; 15 seconds after release of arterial occlusion, 0.47±0.03 cm) ( Figure 4 ). It should be noted that all five of the subjects reached peak flow at 5 seconds, while three subjects reached a peak diameter at 15 seconds, and two reached a peak diameter at 30 seconds. The reduction in diameter following the attainment of peak diameter was also described by a first order rate constant, 0.019/sec, with a halftime for diameter reduction of 35.8 seconds.
Part E
The results of this section are shown in Table 3 . Resting forearm blood flow was as expected quite high in the forearms of these subjects. Digital compression of part of the venous outflow from the fistula led to a 43% reduction in flow. The release of compression was associated with a return of blood flow to resting values. Associated with the reduction in flow was a 9% reduction in derived brachial artery diameter (or an 18% reduction in brachial artery area). After release of digital compression, brachial artery diameter returned to a value not statistically different from the resting diameter.
Reproducibility
The error propagation studies showed a small degree of error associated with the multiple calculations used to derive brachial artery diameter. The standard deviation in these propagation studies averaged 6.6% of the calculated mean.
Brachial artery digital compression led to a reduction in resting blood flow in each of the five normal subjects studied (resting flow, 3.5±0.8; resting flow+brachial compression, 1.8±0.3 ml/min-100 ml; p=0.05). In response to 1 minute of circulatory arrest brachial digital occlusion had an even more dramatic effect on blood flow (1 minute arterial occlusion, 22.3±4.6; 1 minute occlusion+brachial compression, 2.0±0.7 ml/min-100 ml; p<0.05). Thus, following the release of 1 minute of forearm circulatory arrest by cuff without sustained digital compression of the brachial artery, blood flow was six times baseline; with brachial digital compression, the 1 minute value was only slightly greater than baseline. Our studies measuring the percentage increase in forearm volume showed that 10 minutes of arterial occlusion increased forearm volume 1.8% (range, 1-3.1%). In our calculations for diameter, this would represent a 1% overestimation.
In our velocity studies, the Doppler signal used was the forward velocity as opposed to the bidirectional velocity. Although brachial artery flow may contain a negative component, we were concerned about the inclusion of a venous component in the negative portion of the signal detected by our continuous wave device. We were most concerned about venous return during high flow states, which might lower total mean velocity and thus give an erroneously large increment in our calculated diameters in response to prolonged periods of occlusion. We performed studies in four individuals to examine whether the increments in diameter determined with forward velocity were comparable to diameter increments derived with bidirectional velocity. The resting diameter calculations with bidirectional velocity measurements were larger (bidirectional, 0.41 ±0.05; forward velocity, 0.33±0.04 cm; p<0.05), but the increment in diameter in response to a moderate flow stimulus, 1 minute of arterial occlusion (diameter after 1 minute of arterial occlusion -resting diameter), was similar with the two methods (bidirectional, +0.14+0.10; forward velocity, +0.12±0.07 cm; p<0.79, NS).
When the velocities measured with our technique were compared with those determined by dividing sonographic vessel area (calculated from the measured diameter) by total forearm blood flow, a strong correlation was obtained with a slope very close to one and a Y intercept very close to zero ( Figure 5 ).
The linear regression analysis comparing our diameter measurements with those determined on a separate occasion by sonography are shown in Figure 6 . The analysis of the data for the two techniques confirms a good correlation between the two methods of measurement (r=0.78; p<0.001). Of note, the combined technique appears to slightly underestimate small diameters. However, within the range of values noted within Part A-D our technique provides results similar to those noted with sonography. Furthermore, as mentioned earlier, our sonographic diameter determinations following forearm heating showed an increase in diam- eter of a similar nature to those noted using our combined technique. For the six subjects studied 1 month apart, basal flow and velocity were similar (blood flow: Trial 1, 2.71±0.63; trial 2, 3.4±0.8 ml/min-100 ml; velocity: Trial 1, 6.5±1.0; trial 2, 8.8±1.1 cm/sec). Accordingly brachial artery diameter remained similar (trial 1, 0.32±0.02; trial 2, 0.31 ±0.02 cm). This represents a 1% variability between measurements of diameter. The diameter response to 1 and 3 minutes («=4) of arterial occlusion was also similar (1 minute: Trial 1,0.41 ±0.04; trial 2,0.41 ±0.02 cm; 3 minutes: Trial 1, 0.44±0.02; trial 2, 0.43±0.03 cm). These differences represented an average variation from the mean of 12% and 9% respectively.
Discussion
The major findings in this study are the following: 1) brachial artery diameter increases in a graded fashion as flow increases until flow is approximately 50% of maximal values; 2) the response is not limited to arterial occlusion mediated increases in blood flow since forearm heating increased large blood vessel diameter and compression of an arteriovenous fistula decreased diameter; and 3) the time course for the increase in diameter following the restoration of blood flow was different than that for forearm blood flow. Specifically, peak diameter occurred later (10-25 seconds difference) and remained dilated longer. The half-time for the reduction in brachial artery diameter was 35.8 seconds while the half-time for blood flow was 14.8 seconds.
In this study, we have examined the influence of a number of interventions on brachial artery diameter. In each case, brachial artery diameter was altered, and in each case, the changes in blood flow and diameter were directionally similar. Based on these observations, we suggest that blood flow changes were causative of the diameter changes. However, in each series of studies alternate mechanisms may have been responsible for the observed diameter changes.
In the circulatory arrest studies (20 seconds to 10 minutes), forearm blood pressure rose rapidly after the release of arterial occlusion, and it is therefore possible that the increment in transmural pressure may have caused the large vessel dilation noted. Since intra-arterial pressures were not measured during these studies, this mechanism cannot be excluded. However, the 3-minute arterial occlusion studies showed that peak diameter occurred 15-30 seconds after the release of arterial occlusion. During this period between the peak blood flow and peak diameter responses, intra-arterial pressure was likely to increase only slightly or remain unchanged. Furthermore, the transmural pressure in the vessel at the time the peak diameter was noted was either slightly lower or the same as the transmural pressure at rest; yet the diameter following the release of arterial occlusion was much larger than the resting diameter. Based on these considerations, we believe it is unlikely that transmural pressure played a large role in our circulatory arrest results. Our arterial occlusion results are not likely to be secondary to a myogenic mechanism. 1314 Prior animal studies would argue against a major myogenic component to large vessel dilation. 1 -2 Moreover the large vessel relaxation should be maximal on release of arterial occlusion since the changes in transmural forearm blood pressure are greatest then; and the myogenic hypothesis requires changes in blood flow to follow changes in diameter. We found that changes in blood flow preceded changes in diameter and diameter changes were dependent on the magnitude of changes in blood flow.
During arterial occlusion the production of ischemic metabolites certainly occurs. It is not likely that these substances directly dilate large blood vessels, since, as mentioned earlier, large vessel dilation occurred a number of seconds after the release of arterial occlusion at a time when the concentrations of these substances should have been decreasing. However, we cannot exclude that these metabolites acted indirectly through a localized endothelial messenger that caused vascular relaxation. Finally, our results cannot exclude that a downstream metabolic signal led to an ascending dilatory signal that traversed the conduit vessel wall. Ascending dilation has previously been described in conduit vessels by Hilton 15 and in the microcirculation by Duling and Berne. 16 Although our arterial occlusion studies could have had a small blood pressure or myogenic component, it is unlikely that our forearm heating results were due to either a direct pressure effect or a myogenic effect. Forearm heating was a steadystate stimulus that was not likely to cause significant changes in intra-arterial blood pressure in the vasodilated forearm. It is also unlikely that the forearm heating-induced brachial artery dilation that we noted was due to a direct effect of ischemic metabolites. Since flow is maintained during the heating stimulus a buildup of these potential substances would certainly be less than noted during circulatory arrest. Yet, the increase in diameter was similar for similar increments in blood flow during forearm heating and 20 seconds of arterial occlusion. An ascending dilating signal cannot be excluded, although to our knowledge no ascending vascular or neural pathway from skin to conduit vessels has been described. Finally, we cannot exclude a direct effect of forearm heating on brachial artery diameter, although we think it is unlikely. Forearm heating to 42° C for 20 minutes will cause a 3-4° C rise in the muscle tissues directly below the heating source and surrounding the brachial artery. 17 However, in general, vascular beds aside from skin generally dilate upon cooling, not warming, and isolated vessel preparations show an increase in passive tension upon heating to greater than 37° C. 18 When these points are considered in conjunction with prior dog studies that showed no diameter effect of applying room temperature saline directly to the adventitia of the femoral artery, 4 it becomes clear that the likelihood of this direct heating mechanism being causative is small.
Perhaps the most convincing data supporting our hypothesis that changes in flow mediated the changes in diameter were our studies in dialysis patients. We showed a decrease in brachial artery diameter as pressure was placed on the venous outflow. This pressure would either tend to increase arterial pressure or not affect it. Therefore, the changes in transmural pressure would tend to be directionally opposite to the brachial artery diameter changes noted. Accordingly, a direct pressure effect seems to be excluded in these studies. A metabolic cause for these results is extremely unlikely since blood flow was unrelated to metabolic changes in the forearm. In addition, an ascending process is also excluded because the changes in blood flow were caused by an intervention distal to the capillary bed. This exclusion of an ascending dilatory signal is consistent with previous animal studies that documented an increase in conduit vessel size shortly after the creation of arteriovenous fistulae 3 and with studies where distal arterial sectioning did not abolish the upstream large vessel dilation following acute increments in blood flow. 4 Parenthetically, we should point out that resting flow in the dialysis patients was exceedingly high, and brachial artery size was substantially larger than the diameters noted in normal subjects. This large diameter was evident despite the fact that a conservative estimate of forearm volume (1,000 ml) was used in our calculations. This finding would suggest that chronic high flow states may be associated with an increase in resting brachial artery size. Thus, each separate section of the paper has multiple potential explanations for the diameter changes noted. Each set of studies is only suggestive of a flow-mediated process. However, when the separate studies are viewed collectively, the 40 possibility that blood flow is responsible for each separate observation becomes more compelling.
In the present studies, a combined technique was used to determine brachial artery diameter. This approach made use of strain-gauge plethysmography, a previously validated technique to measure forearm blood flow, 19 and continuous wave Doppler Forearm volume estimated to be 1,000 ml; n=5; Blood flow, forearm blood flow, ml/min • 100 ml; Velocity, brachial artery blood flow velocity, cm/sec; Area, brachial artery area, cm 2 ; Diameter, brachial artery diameter, cm; Baseline, measurements at rest; Digital compression, compression of outflow of arteriovenous fistula; Release, values after the release of digital compression.
'Statistically different than baseline for all values in column.
device to measure brachial artery blood flow velocity. This latter technique adequately reflects flow velocity as long as the angle between the probe and the vessel remains constant. 20 The area determined when both measurements were expressed in an equivalent unit system (forearm blood flow was multiplied by forearm volume) should reflect brachial artery dimensions. We performed a number of studies to confirm both reproducibility and validity of our measurements. First, the error associated with the measurement of brachial artery area was small with the standard deviation for these calculations representing 6.6% of the calculated mean. This finding would suggest that the multiple calculations performed were not in themselves a large source of error. Our measurements were based on the assumption that the flow to the forearm travels through the brachial artery. We believed this was a reasonable assumption since the network of collaterals that surround the elbow are relatively small. To examine the role of collaterals, we measured resting and postischemic (1 minute of occlusion) forearm flow with and without brachial artery compression. These studies confirmed that at rest the collaterals could not support resting forearm blood flow. In addition, the ability of these vessels to provide blood flow in response to 1 minute of forearm ischemia was even more compromised, further suggesting that a large portion of the vasodilator reserve of the collaterals was being used at rest. Based on these studies, we can comfortably state that during normal conditions the overwhelming majority of blood flow to the forearm travels through the brachial artery.
To determine whether our assumption was correct that forearm volume would remain constant in response to large flow stimuli, we measured the percentage increase in forearm volume after 10 minutes of forearm arterial occlusion. We observed that forearm volume increased by less than 2%. This would suggest that we did not substantially underestimate the increase in forearm volume in response to the flow stimuli used in our paper.
To ensure that our velocity determinations in response to peak blood flow response were not influenced by venous return, we used only the unidirectional forward flow velocity in our calculations.
Studies in four subjects confirmed that bidirectional velocity yielded similar increases in diameter in response to a moderate blood flow stimulus, 1 minute of forearm arterial occlusion. We also examined whether our continuous wave Doppler reproduced velocity accurately. This was done by comparing the mean velocity obtained by planimetry of the continuous wave phasic contours to derived velocity obtained simultaneously. We determined this derived velocity by calculating brachial artery area from a sonographic determination of brachial artery diameter and then dividing this area by strain-gauge determined forearm blood flow. The two methods were compared at rest and after forearm heating. These studies showed a good correlation between the two techniques (r=0.88), a slope close to 1 (1.03), and a Y intercept close to 0 (1.23). This data provides evidence that under the specific conditions of our studies, transcutaneous continuous wave Doppler provides an accurate determination of mean brachial artery blood flow velocity.
Finally, we examined whether our diameter deviations were accurate in two separate ways. We compared brachial artery diameter with sonograhic determinations. These studies showed a strong correlation between our method and sonography. Our technique did tend to underestimate brachial artery diameter at the lower values. However, it is unlikely that our results of an increase in diameter were due to this observation, since our technique compared quite favorably with sonography in the range of vessel sizes reported in our study. To further document that our diameters were accurate, we performed and examined the effects of forearm heating on sonographically determined brachial artery diameter and confirmed that after forearm heating, brachial artery diameter was greater. Thus, these studies not only helped validate our technique but also helped confirm our postulate of the presence of a flow mediated large vessel dilation in human subjects.
A relation between flow stimuli and large vessel dilation has been documented in dog coronary arteries, 1 -2 dog femoral arteries, 3 -5 and the femoral artery of cats. 21 A time delay between peak flow and peak vasodilation has been noted in all of these studies. The length of this delay between peak flow and large vessel dilation may be related to the experimental model used. 4 Our results of a dilatory delay qualitatively are similar to those previously reported in canine femoral arteries. 3 -3 The time course studies in the present paper (Part D) expand upon these observations and suggest that although the process of dilation is initiated by flow its sustenance and reversal is not directly linked to blood flow. The mechanism by which flow mediates vasodilation is unclear; although recent studies would suggest the necessity of having an intact endothelium. 5 It is of interest that the time delay between peak blood flow and peak large vessel dilation noted in our study is of a similar magnitude to the biological half-life for the flow mediated release of endothelial derived relaxing factor recently reported. 22 Thus, in human subjects, the endothelium may be sensitive to changes in shear stress and, when shear stress increases, may release a substance or substances that decease vascular tone.
This process may have further physiological relevance, since chronic alterations in blood flow have been shown to alter resting vascular diameter 23 and vascular responsiveness 24 in animal models.
In conclusion, we used multiple stimuli to alter blood flow, and in each instance, a directionally similar change in conduit vessel size was observed. The dilation following the ischemic stimuli was not an all or none phenomenon, and the dilation was apparently initiated, but not directly mediated, by changes in blood flow.
